Background: The present study was designed to explore the anti-stress role of AR-A014418, a selective glycogen synthase kinase-3β inhibitor (GSK-3β), on changes provoked by immobilization stress of varying duration. Methods: Acute stress of varying degree was induced by subjecting mice to immobilization stress of short duration (30 min) or long duration (120 min). Thereafter, these animals were exposed to the same stressor for 5 days to induce stress adaptation. The behavioral alterations were assessed using an actophotometer, a hole-board, and the open field and social interaction tests. The serum corticosterone levels were assessed as markers of the hypothalamic-pituitary-adrenal (HPA) axis activity. The levels of total GSK-3β and p-GSK-3β-S9 were determined in the prefrontal cortex. Results: A single exposure to short or long immobilization stress produced behavioral and biochemical changes and the levels of p-GSK-3β-S9 decreased without affecting the total GSK-3β levels in the brain. However, repeated exposure to both short and long stress reversed the behavioral and biochemical changes along with the normalization of p-GSK-3β-S9 levels. The administration of AR-A014418, a selective GSK-3β inhibitor, diminished acute stress-induced behavioral and biochemical changes. Furthermore, AR-A014418 normalized acute stress-induced alterations in p-GSK-3β-S9 levels without changing total GSK-3β levels. Conclusions: Our study suggests that acute stress-induced decrease in p-GSK-3β-S9 levels in the brain contributes to the development of behavioral and biochemical alterations and the normalization of GSK-3β signaling may contribute to stress adaptive behavior in mice which have been subjected to repeated immobilization stress.
Introduction
Stress produces widespread changes at the psychological (emotional and cognitive), behavioral (fight or flight) and biological level (autonomic and neuro-endocrine function). Furthermore, it has been assumed to be involved in the pathophysiology of a variety of diseases, including anxiety, depression, post-traumatic stress disorder and memory loss [1] . However, individuals have an inherent capacity to cope with stress in the form of stress adaptation [2, 3] and there is a reduction in the sensitivity of stress responsive elements, including the hypothalamicpituitary-adrenal (HPA) axis during repeated stress episodes [4] . Indeed, the blunted response of a body to the stress stimulus in the form of stress adaptation is a key protective mechanism against repeated stress exposure [5] . In experimental settings, stress adaptation is characterized in terms of the restoration of behavioral alterations and the normalization of neuroendocrinological changes in comparison with the initial stress response [2, 6] . Despite the knowledge of the existence of stress adaptation in animals and humans, the precise molecular signaling pathways involved in stress adaptive processes are not delineated.
Glycogen synthase kinase-3 (GSK-3), a serine/ threonine kinase, exists in two isoforms, α and β, and is widely expressed in the stress-sensitive brain regions, including the amygdala, prefrontal cortex and hippocampus [7] . It has also been implicated in the development of neuronal disorders such as neuroinflammation, Alzheimer's disease, schizophrenia and bipolar disorder [8] . Research evidence indicates that GSK-3β activity is inhibited by phosphorylation at serine 9, and this inhibition exerts protective effects and increases neuroplasticity [7] . It has also been reported that GSK-3β phosphorylation is reduced in patients with schizophrenia, leading to increased GSK-3β activity. Moreover, antipsychotic drugs increase the amount of phosphorylated GSK-3β [9] . Exposure to stressors including immobilization, swim and restraint stress has been shown to increase the GSK-3β activity in the hippocampus and frontal cortex of animals [10, 11] . In addition, studies have indicated that the hyperactivity of GSK-3β may contribute to depression [12, 13] . The administration of flupirtine (a centrally acting, non-opioid analgesic) attenuates the stress-induced deleterious effects by decreasing GSK-3β activity, suggesting the role of activation of GSK-3β signaling pathways during stress induction [14] . The administration of lithium, a GSK-3β inhibitor, potentiates the antidepressant-like effects of ketamine in a mouse model of stress [15] . However, there has also been a study showing that the administration of a GSK-3β inhibitor does not affect the immobility time in chronic unpredictable stress-subjected animals [16] . Therefore, the present study was designed to explore the stress attenuating potential of the selective GSK-3β inhibitor, AR-A014418, on immobilization stress-subjected animals of variable duration.
Materials and methods

Animals and drugs
Swiss albino mice weighing 25 g ± 5 g were used in the present study and fed on the standard laboratory feed and water. The animals were housed in the departmental animal house and were exposed to natural cycles of 12 h light and dark. The experimental protocol was approved by the Institutional Animal Ethics Committee (IAEC) and care of the animals was carried out as per the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Environment and Forests, Government of India (Reg. No. CPCSEA/107/1999). All experiments were done between 8:30 a.m. and 12:00 a.m., when the levels of HPA axis hormones are stable [5] .
AR-A014418 was purchased from Cayman Chemical Co., USA and dissolved in normal saline containing 4% DMSO, while diethyldithiocarbamic acid was procured from Sigma Aldrich, USA. The Elisa kit for estimation of serum corticosterone was purchase from Arbor assays, USA and GSK-3β Elisa kit was purchase from Ray biotech Pvt. Ltd, USA. The statistical analysis was performed by using Graph Pad prism software 6.0. The behavioral apparatus were purchased from Imcorp, Ambala, India.
Immobilization stress and stress adaptation
The animals were subjected to immobilization stress by immobilizing the mice in a prone position with their limbs stretched on a board using adhesive tape. The animals were immobilized either for 30 min (short duration stress) or 120 min (long duration stress) [17] . The movement of the head was also restricted by keeping the head in a metal loop coiled around the neck [18, 19] . The mice were exposed to homotypic immobilization stress for 5 days to induce adaptive behavior.
Acclimatization of animals
Before initiating the actual experimentation, the mice were acclimatized for 5 min per day for 3 days on the behavioral test apparatus. Such acclimatization of animals to the test apparatus potentially avoids the confounding effects due to the novelty of the test apparatus and thus reduces variations in the experimental data [3, 20] . The animals were also habituated to a blood withdrawal procedure by subjecting them to a tail vein nick under resting conditions.
Assessment of stress and stress adaptation
Behavioral parameters: Ten min after the immobilization stress protocol, a series of behavioral tests were performed on the animals in the following sequence: actophotometer, hole-board, open field and social interaction tests, with a time gap of 5 min between each test. The behavioral test equipment was cleaned after each test with alcohol and water. The behavior in the hole-board, open field and social interaction tests was video-recorded and then analyzed.
Actophotometer test
In an actophotometer, the movement of an animal interrupts a beam of light falling on a photocell and a count is recorded digitally. Therefore, the number of counts is directly related to the movement of animals inside the actophotometer chamber. The animals were placed in the actophotometer for 10 min and their activity was assessed in terms of count per 10 min [2, 21] .
Open field test
The open field test was employed to assess the stress-related behavior in rodents on the basis of changes in the exploration, general locomotor activity and spontaneous activity. Each mouse was exposed to the open field test for 10 min in a dimly light room. The mice were placed in the center of the open field and the number of line crossings and rearings were noted [2] .
Hole-board test
A mouse was placed in the center of the hole-board and was allowed to explore the apparatus for 10 min. The animals were assessed for head dipping and rearing [2, 22] . The low number of head dipping reflects the high anxiety state level and the number of rearings represents the exploration in the novel surrounding.
Social interaction test
The social interaction test was used to assess the anxiety-related behavior. The social interaction test was carried out in the same box in which the open field test was performed. During a 10 min test, each experimental mouse was allowed to interact with a partner mouse, which was socially housed and not subjected to any stressor.
The behavior of a test mouse with a test partner such as close proximity, facing and sniffing the partner, contact interaction (physical contact) and climbing over was considered to be social behavior. The remaining time interval was considered to be non-social behavior, which included actively turning away, keeping the partner at a distance with forepaws in an upright posture, freezing, self-grooming and remaining alone [2, 22] .
Serum corticosterone levels
A blood sample was taken using a tail vein nick procedure which consisted of gently placing the animal in a restrainer and making a 2 mm incision at the end of the tail vein to collect the blood. This method is extensively used in various laboratories [5, 23] and the hormone levels are maintained very close to the resting levels, provided that the animal has had previous experience with the procedure. Thereafter, the serum was isolated by centrifugation and samples were assayed for corticosterone using a Corticosterone Enzyme Immunoassay kit (K014-H1, Arbor Assay).
Enzyme-linked immunosorbent assay (ELISA)
Following sacrifice, the prefrontal cortex region of the brain was isolated and separately homogenized in 1 mL of lysis buffer containing protease and phosphatase inhibitors. The homogenates were used immediately for ELISA-based estimation of total GSK-3β and p-GSK-3β-S9 levels using a San microplate reader and the procedure was conducted in accordance with the instructions of the manufacturer.
Experimental protocol
Ten groups, each comprising eight Swiss albino mice, were employed in the study. Due to ethical concerns, all animals from these ten groups were not sacrificed. Only animals belonging to seven representative groups (from group I to group VII) were sacrificed (five animals from each group) to isolate the prefrontal cortex.
Group I: Non-stress: Non-stressed mice were subjected to different behavioral tests on day 1 of the corresponding immobilization stress group. The blood was withdrawn on the same day and afterwards, the animals were sacrificed to isolate the prefrontal cortex.
Group II: Acute short immobilization stress: In this paradigm, mice were immobilized for 30 min to produce acute stress. The blood was withdrawn on the same day and afterwards the animals were sacrificed to isolate the prefrontal cortex.
Group III: Repeated short immobilization stress: In this paradigm, mice were repeatedly exposed to 30 min immobilization stress for 5 consecutive days to induce stress adaptation. The behavioral and biochemical parameters were assessed on the 5th day of stress paradigm.
Group IV: Acute long immobilization stress: In this paradigm, mice were immobilized for 120 min to produce acute stress. The rest of the procedure was as described in group II.
Group V: Repeated long immobilization stress: In this paradigm, mice were subjected to repeated immobilization stress of 120 min to induce stress adaptation. The behavioral and biochemical parameters were assessed on the 5th day of stress exposure.
Groups VI: AR-A014418 (3 mg/kg) in acute short immobilization stress: AR-A014418 (3 mg/kg) was administered 30 min prior to the exposure of acute immobilization stress and thereafter behavioral tests were conducted followed by isolation of blood.
Groups VII: AR-A014418 (3 mg/kg i.p.) in acute long immobilization stress: AR-A014418 (3 mg/kg) was administered 30 min prior to the exposure to acute immobilization stress and thereafter behavioral tests were conducted followed by isolation of blood.
Group VIII: DMSO (vehicle) in acute short immobilization stress: Four percent DMSO dissolved in normal saline (vehicle for AR-A014418) was administered (0.1 mL/10 g) 30 min prior to exposure to acute short immobilization stress. Thereafter, behavioral tests were conducted followed by isolation of blood.
Group IX: DMSO (vehicle) in acute long immobilization stress: Four percent DMSO dissolved in normal saline (vehicle for AR-A014418) was administered (0.1 mL/10 g) 30 min prior to exposure to acute long immobilization stress. Thereafter, behavioral tests were conducted followed by isolation of blood.
Group X: AR-A014418 (3 mg/kg i.p.) per se: AR-A014418 was administered to non-stressed mice. Thereafter, behavioral tests were conducted followed by isolation of blood.
Statistical analysis
The results were expressed as mean ± standard deviation (SD). The results were analyzed using one-way ANOVA followed by post hoc analysis using Tukey's multiple comparison test for comparison between the different groups. The p value < 0.05 was considered to be statistically significant.
Results
The administration of the vehicle did not modulate short and long immobilization stress-induced changes in behavior and serum corticosterone levels in a significant manner. Per se administration of AR-A014418 (3 mg/kg) in non-stressed mice did not modulate the behavior and serum corticosterone levels in a significant manner.
The effect of AR-A014418 on short and long immobilization stress-induced alterations in the locomotor activity
The acute exposure to short and long immobilization stress decreased the locomotor activity on day 1 as compared to non-stress control mice in a significant manner. However, repeated exposure to short or long immobilization stress for 5 consecutive days led to significant restoration in the locomotor activity as compared to day 1 of acute short and long stress exposure. A single administration of AR-A014418 (3 mg/kg) significantly restored acute short and long immobilization stress-induced decrease in locomotor activity on the first day of acute stress exposure (Figure 1) . The assessment of social and non-social behavior in the 10 min social interaction test by noting time of following and avoiding the partner for investigating the stress adaptation in short and long duration immobilization stress and its pharmacological modulation with AR014418. 
Sample number Experimental groups Social interaction tests
The effect of AR-A014418 on short and long immobilization stress-induced alterations in other behavioral parameters
The acute exposure to immobilization stress led to a significant decrease in other behavioral activities including the number of rearings and head dips in the hole-board (Figures 2 and 3) , total motor activity, i.e. line crossings and rearing in the open field (Figures 4 and 5) and social behavior (Table 1) on day 1 as compared to non-stress control. Similarly, on repeated stress exposure to short and long immobilization stress for 5 consecutive days, the behavioral activities were significantly restored on the 5th day of stress exposure. A single administration of AR-A014418 significantly restored acute short and long stress-induced behavioral deficits on the first day of stress exposure.
The effect of AR-A014418 and repeated stress exposure on immobilization stress-induced serum corticosterone levels
The acute exposure to short and long immobilization stress produced a significant increase in the serum corticosterone levels as compared to non-stress control mice. However, following repeated exposures of short and long immobilization stress, the serum corticosterone levels were restored on the 5th day and the levels were comparable to the levels of corticosterone on the 5th day of nonstress control. A single administration of AR-A014418 also restored the acute short and long stress-induced increases in corticosterone levels ( Figure 6 ).
The effect of AR-A014418 and repeated stress exposure on immobilization stress-induced pGSK-3β expression levels
The acute short and long immobilization stress exposure significantly decreased the p-GSK-3β-S9 levels in the prefrontal cortex in comparison to non-stressed mice (Figure 7) . However, on repeated exposure to the same stress for 5 days, the p-GSK-3β-S9 levels were significantly restored in the prefrontal cortex as compared to acute short and long stress subjected mice (Figure 8) . A single administration of AR-A014418 significantly restored acute short and long stress-induced decreases in the levels of p-GSK-3β-S9 in the prefrontal cortex (Figures 7 and 8) .
Discussion
In the present study, a single exposure of immobilization stress of either short or long duration produced the significant behavioral alterations assessed in terms of a decrease in locomotor, spontaneous and social activities. Furthermore, a single exposure to short as well as long duration immobilization stress also led to an increase in the serum corticosterone levels, suggesting the over-activation of the HPA axis [24] . The observed behavioral as well as biochemical changes in the present study are in agreement with other studies showing an alteration in behavior and an increase in serum corticosterone levels in response to acute immobilization stress exposure [5, 25, 26] . However, on repeated exposure to immobilization stress for 5 consecutive days, there was significant restoration of both behavioral and biochemical alterations indicating the induction of stress adaptation. The development of stress adaptation in the present study is consistent with our previous study showing the restoration of behavioral and biochemical changes following repeated applications of immobilization stress for 5 days [25] .
Furthermore, a single dose administration of AR-A014418 significantly attenuated acute immobilization in short as well as long duration stress-induced alterations in behavior and corticosterone levels. AR-A014418 is a selective GSK-3β inhibitor with IC 50 = 104 nM. It exhibits high specificity for GSK-3 over cdk2 and cdk5 (IC 50 values are >100 μM) and over 26 other kinases. The administration of AR-A014418 has been shown to attenuate the development of learning deficits in diabetic mice [22] . Another study has also reported the neuronal antiapoptotic and neuroprotective effects of AR-A014418 in the traumatic spinal cord injury model in rats [12] . In addition, AR-A014418 has also shown growth suppressive effects in pancreatic cancer cells [27] . However, to the best of our knowledge, this is the first study describing the stress attenuating potential of AR-A014418, a selective GSK-3β inhibitor, in immobilization stress of varying duration in mice.
In the present investigation, a single exposure of short as well as long immobilization stress-induced behavioral deficits was accompanied by a decrease in p-GSK-3β-S9, without any alteration in the total GSK-3β levels in the prefrontal cortex, suggesting that the changes in GSK-3β activity may be secondary to change in its phosphorylation state. An earlier study has shown that the exposure of acute restraint stress is associated with the decrease in p-GSK-3β-Ser9 in the hippocampus region of mice [28] . GSK-3β, a serine/threonine kinase, is an essential downstream effector of Akt and its activity is significantly reduced by Aktmediated phosphorylation [29] . However, in the present study, acute stress exposure did not change the levels of total GSK-3β in the prefrontal cortex, suggesting that stressinduced changes in the GSK-3β activity may be due to a change in its phosphorylation state. Accordingly, it is possible to suggest that acute stress exposure may inhibit the Akt activity, which in turn may decrease the phosphorylation of GSK-3β to increase its activity. An earlier study has shown the decrease in Akt activity in the brain regions in response to acute stress exposure [30] (Figures 9 and 10 ).
Our previous studies described the potential stress adaptive role of angiotensin II in short duration immobilization stress and the role of opioids in long duration immobilization stress [25, 31] . However, the present study results demonstrate the involvement of the same intracellular signaling cascade, i.e. GSK-3β in the induction of stress adaptation irrespective of duration of Prefrontal cortex R e p e a te d s tr e s s immobilization stress (short as well as long). Accordingly, it may be proposed that although the upstream modulators may be different, i.e. angiotensin II and the opioids in immobilization stress of variable duration, yet the downstream regulatory system may converge and the same signaling cascade may be involved in inducing stress adaptive behavior. The previous study from our laboratory described the involvement of the GSK-3β signaling cascade in electric foot shock stress-induced stress adaptation [32] . Based on this, it may be proposed that irrespective of stressor duration (short or long) or stressor type (immobilization or electric foot shock), the down-stream signaling cascade is the same and may possibly involve GSK-3β.
Conclusions
Acute immobilization stress exposure of short and long duration was associated with a decrease in p-GSK-3β-S9 levels in the prefrontal cortex, suggesting that the upregulation of GSK-3β signaling may possibly contribute to the development of behavioral and biochemical alterations and its normalization contributes to stress adaptive behavior in response to repeated immobilization stresssubjected mice. The anti-stress effects of AR-A014418 projects GSK-3β as an important target in modulating stress associated behavior.
